Influence of gas inertia and edge effect on squeeze film in near field acoustic levitation Appl. Phys. Lett. 96, 243507 (2010) Temperature dependence of single-axis acoustic levitation J. Appl. Phys. 93, 3016 (2003) Parametric study of single-axis acoustic levitation Appl. Phys. Lett. 79, 881 (2001) Additional information on Rev. Sci. Instrum. Two kinds of flexible reflectors are proposed and examined in this paper to improve the stability of single-axis acoustic levitator, especially in the case of levitating high-density and high-temperature samples. One kind is those with a deformable reflecting surface, and the other kind is those with an elastic support, both of which are self-adaptive to the change of acoustic radiation pressure. Highdensity materials such as iridium (density 22.6 gcm −3 ) are stably levitated at room temperature with a soft reflector made of colloid as well as a rigid reflector supported by a spring. In addition, the containerless melting and solidification of binary In-Bi eutectic alloy (melting point 345.8 K) and ternary Ag-Cu-Ge eutectic alloy (melting point 812 K) are successfully achieved by applying the elastically supported reflector with the assistance of a laser beam.
I. INTRODUCTION
Acoustic levitation utilizes acoustic radiation pressure to levitate substances in gaseous medium. This method has no special requirements for good electric or magnetic properties of sample. Therefore, it can levitate various substancessolid or liquid, azoic or zoetic-in a containerless state under ground-based environment. [1] [2] [3] [4] So far, acoustic levitation has found more and more applications in the fields of drop and bubble dynamics, [5] [6] [7] [8] chemical analysis, 9 , 10 materials science, 11, 12 noncontact measurements, [13] [14] [15] life science, 16, 17 and space science. 18 Generally, a single-axis acoustic levitator is mainly made up of a couple of emitter and reflector, both of which are rigid and fixed during levitation process. In the previous works, rigid reflector has been carefully studied by optimizing its reflecting surface, and as a result, the acoustic levitation force is enhanced greatly. 19, 20 However, the rigid reflector still has some shortcomings such as weak stability for levitating highdensity and high-temperature samples, which have limited the further applications of acoustic levitation. We have found that the artificial adjustment of reflector position according to the change of sound field could improve the levitation stability to a certain extent. But it is difficult in practice to adjust immediately the reflector once the acoustic field changes quickly with temperature. Therefore, appropriate self-adaptive reflectors are desired to improve the levitation stability. In nature, there are a lot of substances that are deformable or compressible under acoustic radiation pressure and may be directly used as self-adaptive reflectors. Alternatively, we can make the rigid reflectors elastically supported to introduce the selfadaptive capability. Therefore, we propose two types of flexible reflectors according to their self-adaptability to the change of acoustic field: (I) soft reflectors with a deformable surface and (II) rigid reflectors with an elastic support. In this paper, we investigate first the soft reflectors with a deformable reflecting surface in Sec. II and then the rigid reflectors with an elastic support in Sec. III. Some applications to the containerless processing of alloys with the developed flexible reflector are presented in Sec. IV.
II. SOFT REFLECTORS WITH A DEFORMABLE REFLECTING SURFACE

A. Theoretical model and calculations
The studies about rigid reflectors have demonstrated that the shape of the reflecting surface has a great influence on the resonant state and levitation force. 19, 20 Hence, whether there have stable resonant state and sufficient levitation force associated with a deformable reflecting surface needs to be mainly identified. This can be judged by calculating the acoustic radiation power P, 19, 21 
where ρ 0 is the density of the gaseous medium; ω, the angular frequency of the acoustic field; , the velocity potential of the acoustic field between the reflector and emitter, which can be described as the boundary integral over the surfaces of the reflector and emitter and calculated by the boundary element method; n, the outward unit normal to the sound emitter surface E and , the time average over a period of acoustic vibration. Larger P generally means larger levitation force and high stability. Liquid reflector is suitable for preliminarily exploration. A previous developed two-cylinder model for the rigid reflector can be extended to the single-axis acoustic levitator with a liquid reflector, as shown in Fig. 1(a) . The shape of its reflecting surface R depends on the balance between the acoustic radiation pressure p a , the curvatureinduced surface pressure, the hydrostatic pressure and is determined by
where σ and ρ l are the surface tension and density of liquid, respectively; R 1 and R 2 are the principal radii of curvature; z is the vertical displacement of liquid surface induced by acoustic radiation pressure; and g is the gravitational acceleration. Here, the parameters of the emitter are set as radius of the reflector are given as radius 18 mm, height 10 mm, density 1.0 gcm −3 , surface tension 0.072 Nm −1 , and that of the gaseous medium are density 1.2 × 10 −3 gcm −3 , sound velocity 340 ms −1 . The first four resonant modes of the acoustic field produced by a water reflector at the emitter vibration amplitude 1.5 μm are obtained, as shown in Fig. 1(b) . For the sake of comparison, the first four resonant modes are also calculated for the cases of a planar rigid reflector and a concave rigid reflector (curvature radius R = 40 mm). In all the three cases, the first four resonant modes of the acoustic fields are located around H/λ = 0.5, 1, 1.5, and 2, where λ is the acoustic wavelength in gaseous medium. These results indicate that the resonant state of sample produced by the water reflector should be similar to those produced by the planar rigid reflector and the concave rigid reflector. In Figs. 1(c) and 1(d), the dependence of the acoustic radiation power P and the surface shape of R on the vibration amplitude, A, of the emitter are also calculated with the reflector-emitter interval H set to that corresponding to the first resonant mode in order to obtain the largest levitation force. It is seen that P and the deformation degree of R increase gradually with the increase in A. By comparing the P value of the water reflector with that of the planar rigid reflector, it can be seen that the levitation force with the water reflector is slightly larger than that with the planar rigid reflector when the emitter vibration intensity and the reflecting surface deformation are not so large. Therefore, appropriate deformation of the reflecting surface is beneficial, whereas excessive deformation is unfavorable for enhancing the levitation force. 
B. Experimental results with liquid reflector
In practice, a cylindrical container filled with a certain liquid such as water or oil can serve as the liquid reflector. Figures 2(a) , 2(b), and 2(c) show the successful levitation of a water drop, a polymer hemisphere, and an aluminum disk with a water reflector. The experiments are accomplished in air around room temperature and the vibration frequency of the emitter is about 20 kHz. Observations show that the water surface of the reflector assumes a concave shape and its curvature varies with the change of the emitter vibration intensity. Large deformation of the water surface and unexpected cavitation occurs at large sound intensities, which lead to the failure of levitation and hence limit the further enhancement of the levitation capability that may be achieved by increasing the vibration intensity of the emitter.
C. Experimental results with colloid reflector
Many colloids exhibit behavior similar to that of liquids because their surfaces are deformable under acoustic radiation pressure. Fortunately, some of them are slightly "rigid" in contrast to liquids and hence cannot be deformed excessively and cavitated by intensive sound. When an apple jelly reflector is used, successful levitation of a water drop, a Ag-Cu-Ge alloy pancake and an iridium ball is achieved by gradually increasing the vibration intensity of the emitter, as shown in Figs. 2(d) , 2(e), and 2(f). Moreover, the levitated samples are stable as though they were static in air, which is most probably because that the self-adjustment of the soft reflecting surface has effectively eliminated the fluctuations of acoustic field. Thus, the single-axis acoustic levitator with an appropriate colloid reflector can generate sufficient levitation force to levitate any solid and liquid on earth and possess levitation stability superior to that of the previously developed single-axis acoustic levitator with a rigid reflector. 
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III. RIGID REFLECTORS WITH AN ELASTIC SUPPORT
A. Theoretical model and calculations
In this section, we assume that the shape of the reflecting surface has been optimized to be able to provide good resonant state and enough levitation force for any sample at room temperature. For that the levitation stability with the conventional rigid reflector is greatly influenced by temperature, the present research focuses on whether the levitation stability can be enhanced by using the elastically supported rigid reflector, especially when the temperature of gaseous medium changes largely and rapidly.
Typically, the elastically supported rigid reflector is made up of three different parts: (1) the top part with a concave rigid surface (curvature radius R = 40 mm) serving as the sound reflecting surface R , (2) the bottom part serving as the pedestal, and (3) the middle part serving as the elastic support. Thus, with the change of acoustic field, the reflecting surface can move automatically and rapidly up and down. The model for the acoustic levitator with an elastically supported reflector is shown in Fig. 3(a) . The upper cylinder denotes the emitter with a section radius R a and a height H a ; the bottom surface, E , of the emitter vibrates sinusoidally with an amplitude A and a frequency f. The lower cylinder represents the reflector with a section radius R b and a height H b . Now, assuming that the interval H between the emitter and the reflector is H 0 before the emitter vibrates, the relationship between the reflector and the acoustic field when the emitter vibrates can be determined by the following expression:
where p a is the acoustic radiation pressure on the reflecting surface R ; κ is the spring restitution coefficient of the flexible reflector; and z is the displacement of the top part of the reflector induced by the acoustic radiation pressure. The acoustic radiation pressure p a is determined by
where k is the wave number. Obviously, the solutions of p a and z are mutually dependent and z will adjust automatically according to the change of p a , which is deeply influenced by the acoustic intensity, the gaseous medium temperature, and the resonant modes. interval, H 0 , between the emitter and the reflector is set as 3 mm (once the emitter vibrates, H will be larger than 4 mm). The temperature field of the gaseous medium is assumed to be homogeneous. In this case, after the emitter vibrates, H changes around the interval of the first resonant mode to provide only one potential well to entrap the sample and may produce appropriate levitation force.
By substituting into the expression,
the time-averaged potential U of the acoustic radiation force on the small rigid sphere is determined. Thus, the levitation force F z experienced by the sample with radius R s when it is located at the position (0, z) can be derived by F z = −∂U/∂z; the maximum levitation force is denoted by F max . The equilibrium location z s of the sample is determined by F z = m s g. The temperature dependence of the maximum levitation force F max and the equilibrium position z s of sample are calculated at κ = 15 N/m, as illustrated in Figs. 3(b) and 3(c) , respectively. It is seen that F max increases and z s decreases almost linearly with the increase in the gaseous medium temperature. Furthermore, F max and z s of the elastically supported concave rigid reflector are compared with that of the concave rigid reflector (curvature radius R = 40 mm) at its first resonant mode. It is observed that, within the temperature range of 270-360 K of the gaseous medium, the variations in the values of F max and z s with the elastic reflector are only one-tenth of those with the rigid reflector. These results indicate that when the gaseous medium temperature changes or fluctuates, the elastic reflector can self-adjust and provide better levitation stability in the axial direction. The similar results may be acquired when the acoustic field is influenced by other factors. Figure 4 (a) presents the stable levitation of an iridium ball with an elastically supported concave rigid reflector, indicating that the single-axis acoustic levitator with an elastic reflector has the same levitation force as, and better levitation stability than, that with a rigid reflector. Figures 4(b) and 4(c) show the stable levitation of a Ag-Cu-Ge alloy ball under laser heating and a molten Ag-Cu-Ge alloy drop, indicating that the levitator with an elastic reflector has excellent performance even under the condition of large temperature variations.
B. Experimental results with elastic reflector
IV. APPLICATIONS
As an example of applications, binary In-33.3%Bi (melting point 345.8 K) and ternary Ag-25.5%Cu-24.5%Ge (melting point 812 K) eutectic alloys have been melted and solidified in a containerless state by using the single-axis acoustic levitator with an elastic reflector. Experimental alloys are prepared from 99.99% pure metals and made into spherical samples with a diameter 3.5 mm and mass 0.2 g. A Trumpf HL1006D Nd:YAG laser is employed to melt the levitated samples with a beam wavelength of 1064 nm and power of 200 W within 4 s. The molten samples are cooled naturally by terminating the laser beam. Because there exists an upper temperature limit for the gaseous medium to keep levitation (as shown in Figs. 3(b) and 3(c) ), a back purge of argon on the heating samples is maintained to minimize the temperature increase of gaseous medium. The sample heating and cooling rate is about 100 K/s in this case. The levitation of these samples is successfully kept throughout the whole heating and cooling process, although some oscillations may take place in the axial direction.
After the solidification of the molten alloys, a large cell of ripples with a wavelength of about λ c = 165 μm is observed on the upper and bottom surfaces of an In-Bi sample ( Fig. 5(a) ), whereas more than fifty mutually isolated ripple cells (cell diameter ≈800 μm) with a wavelength of about λ c = 8 μm are found on the upper, side, and bottom surfaces of a Ag-Cu-Ge sample (Figs. 5(b) and 5(c) ). The formation of these ripples should be induced by the melt oscillations during the melt solidification.
V. DISCUSSIONS
Our theoretical analyses and experiments demonstrate that the single-axis acoustic levitator with liquid reflector has the ability to levitate low-density substances, while the levitator with colloid reflector can stably levitate iridium, density 22.6 gcm −3 . Moreover, the levitator with elastic reflector exhibits excellent levitation stability even in treating high-melting point materials. These results indicate that acoustic levitation capability can be remarkably enhanced by employing an appropriate flexible reflector and the application range of acoustic levitation will be extended accordingly. It can be also inferred that the single-axis acoustic levitator with an elastically supported soft reflector should possess stronger self-adaptive ability under more complex conditions. However, this design requires us to find out a kind of hightemperature resistant soft reflecting surface first.
